membrane excitability; exercise; muscle NA ϩ -K ϩ -ATPASE, OR NA ϩ -K ϩ PUMP, catalyzes coupling of the chemical hydrolysis of ATP to the vectoral transport of Na ϩ out of and K ϩ into the cell. In skeletal muscle, basal activity of the Na ϩ -K ϩ pump depends primarily on the distribution of Na ϩ and K ϩ on either side of the plasma membrane and utilizes only ϳ2-8% of maximum pumping capacity in vivo (23). During contractile work, transport of the Na ϩ and K ϩ by the Na ϩ -K ϩ pump rapidly restores ionic gradients after an excitatory electrical potential or "action potential" (35). The capacity of the Na ϩ -K ϩ pump can be challenged by heavy contractile demands and by changes in the local environment (i.e., ionic and metabolite buildup, substrate depletion), and, therefore, appropriate regulation of Na ϩ -K ϩ -ATPase activity is essential for maintaining transport capacity and muscle excitability. Despite a number of articles and reviews published recently on the role of the Na ϩ -K ϩ pump in muscle excitability and fatigue (1, 12, 13, 20, 21, 35, 37) , the factors controlling both the acute and long-term regulation of the pump with exercise are still largely undetermined.
Acute regulation of the Na ϩ -K ϩ pump can occur by influencing the activity of the pumps and by modulating the number of pumps at the cell surface (7) . With contraction, the passive Na ϩ influx and K ϩ efflux can stimulate up to a 20-fold increase in Na ϩ -K ϩ pump activity (12, 35) . Substrates, cytoskeletal components, catecholamines, and hormones can also provide additional short-term activation (6, 16, 40) . In addition, an increase in the number of pumps at the sarcolemma is believed to occur acutely by translocating a specific pool of Na ϩ -K ϩ pump subunits from intracellular sites to the muscle membrane (27), potentially increasing the number of functional Na ϩ -K ϩ pumps. Collectively, these cellular processes increase the transport capacity of Na ϩ -K ϩ -ATPase during exercise and, therefore, help to maintain ion gradients, excitability, and contractility.
Despite the extensive research into mechanisms that may increase pump transport capacity during activity, it is unclear whether intrinsic Na ϩ -K ϩ -ATPase activity can be altered by exercise, as has been observed for the other ATPases in the cell. As an example, Williams et al. (41) observed that maximal activity of the actomyosin ATPase in frog muscle was reduced by 20% with a 5-min stimulation protocol involving repeated maximal contractions. Several investigators have also observed decreased Ca 2ϩ -ATPase activity after fatiguing exercise in rats (4, 9, 41) . Although the exact mechanisms involved in the inactivation of these ATPases remain unclear, structural damage induced by the generation of free radicals is strongly suspected (33). The evidence from cardiac muscle Na ϩ -K ϩ -ATPase indicates that damage by circulating free radicals can occur (32). Collectively, the results suggest that catabolic processes associated with exercise may alter the structure of the skeletal Na ϩ -K ϩ -ATPase, reduce membrane excitability, impair conduction of action potentials, and contribute to fatigue. No published study presently exists, however, that examines the intrinsic activity of skeletal muscle Na ϩ -K ϩ -ATPase in response to exercise.
The goal of this study was to determine whether the Na ϩ -K ϩ -ATPase activity is altered in muscles of different fiber composition after prolonged endurance running in rats. Our hypotheses were that the Na ϩ -K ϩ pump is intrinsically modified during exercise, which results in a reduced Na ϩ -K ϩ -ATPase activity, and that the reduction in Na ϩ -K ϩ -ATPase activity is not specific to the fiber-type composition of the muscle. These hypotheses were tested in muscle homogenates using a 3-O-methylfluorescein K ϩ -stimulated phosphatase assay (3-O-MFPase) as an indicator of Na ϩ -K ϩ -ATPase activity.
METHODS

Animals.
Untrained, female Sprague-Dawley rats (age 12.1 Ϯ 0.7 wk; weight 275 Ϯ 21 g; means Ϯ SE) were utilized for the study. Rats were housed in a room where the light cycle was controlled (12:12-h light-dark cycle), and rat chow and water were provided ad libitum. Care and treatment of the animals was in accordance with procedures outline by the Canadian Council on Animal Care. All procedures were approved by the University of Waterloo Office for Ethics in Research.
Experimental design. To investigate the effect of a single session of aerobic exercise on Na ϩ -K ϩ pump function, rats were randomly assigned to one of three groups (n ϭ 10 per group). In one group (Run), rats were run on a treadmill at 21 m/min and 8% grade (ϳ65% peak aerobic power) until fatigue or to a maximum of 2 h. A second group of rats (Runϩ) were run on the treadmill as for the Run protocol, and then they were kept on the treadmill for an additional 45 min of low-intensity exercise (i.e., continued fast walking at 10 m/min). By reducing the speed of the treadmill, we were able to increase exercise duration. A third group of rats (Con) served as control for the anesthetic and surgical procedures. This design, including the exercise protocol, is comparable to that previously used to investigate Ca 2ϩ -ATPase activity after running and recovery (18) . Directly after exercise (or at rest in Con), rats were anaesthetized with pentobarbital sodium (6 mg/100 g body wt), and a muscle sample was obtained from soleus (Sol), extensor digitorum longus (EDL), red vastus lateralis (RV), and white vastus lateralis (WV) and plunged into liquid nitrogen for later analysis of muscle metabolites, glycogen content, and Na ϩ -K ϩ pump characteristics. Time for anesthetization and surgery after exercise averaged ϳ5 min. Surgery was not initiated until animals showed no reflex response to pinching the foot. In an additional experiment, performed after the first experiment, we have investigated the effect of resting or passive recovery after Run on the changes in Na ϩ -K ϩ pump function. For this purpose, rats with similar characteristics (weight 258 Ϯ 18 g; n ϭ 32) were randomized into four groups (n ϭ 8 per group), namely a control (Con) and groups that received 10 (Rec 10), 25 (Rec 25), and 45 (Rec 45) min of passive recovery after Run.
Muscle metabolites and glycogen depletion. Muscle glycogen and metabolites, including ATP, phosphocreatine, creatine, and lactate, were analyzed fluorometrically after extraction from freeze-dried tissue, according to procedures previously published (22). In addition, we have also measured the contents of the adenine nucleotides (ATP, ADP, AMP) and inosine monophosphate by using ion-pair reversed-phase high-performance liquid chromatography (28) as modified by our group (22). All samples were analyzed in duplicate. On a given analytical day, an equal number of tissue samples from each muscle and group were measured. Na ϩ -K ϩ -ATPase activity. Activity of Na ϩ -K ϩ -ATPase was assessed by using the K ϩ -stimulated 3-O-MFPase modified from the procedures of Huang and Askari (26) and Horgan and Kuypers (25) but using higher substrate concentration (19, 26). We have confirmed in a separate set of experiments (results not shown) that maximal activity was achieved at ϳ160 M substrate concentration in rat tissue. Additionally, the use of 1.25 mM EGTA and 5 mM NaN3 was also employed to optimize enzyme activity in rat muscle samples (2) . Briefly, tissue from frozen muscle samples was homogenized (5% wt/vol) at 0°C for 2 ϫ 20 s at 25,000 rpm (Polytron) in a buffer containing (in mM) 250 sucrose, 2 EDTA, 1.25 EGTA, 5 NaN3, and 10 Tris (pH 7.40). Homogenates were freeze thawed four times and diluted 1:5 in cold homogenate buffer. Approximately 30 g of protein (ϳ30 l homogenate) were incubated for 4 min in medium containing (in mM) 5 MgCl2, 1.25 EDTA, 1.25 EGTA, 5 NaN3, and 100 Tris (pH 7.40). The K ϩ -stimulated activity of the Na ϩ -K ϩ -ATPase was determined by the increase in activity after the addition of 10 mM KCl at a substrate concentration of 160 M 3-O-MFPase. The activity of 3-O-MFPase was determined by the difference in slope before and after the addition of KCl. We have shown that the change in slope with the addition of KCl is completely eliminated with ouabain (H. Green, unpublished observation). Na ϩ -K ϩ -ATPase activity, which was based on the average of three trials, is expressed in nanomoles per milligram of protein per hour. Protein content of the homogenate was determined by the method of Lowry as modified by Schacterle and Pollock (36). The intra-assay coefficient of variation, defined as the standard deviation divided by the mean, was 10.9% when averaged over all muscles.
Data analysis. Statistical analysis was performed on Statistica for Windows ver. 4.5 software (Statsoft, Tulsa, OK). Descriptive statistics included means Ϯ SE. Two-way ANOVA with repeated measures was used to analyze difference in Na ϩ -K ϩ pump activity between the three conditions (Con, Run, Runϩ) and within muscle groups. Similarly, a two-way ANOVA was used to examine the effects of passive recovery (Con, Rec 10, Rec 25, and Rec 45) and muscle (WV, RV). Identical procedures were employed for analyses of the metabolite data. Paired analysis was used to assess the activity response to exercise between muscles. Post hoc analysis of mean values was performed by using Tukey's test. The probability level of statistical significance was accepted at P Ͻ 0.05.
RESULTS
Exercise protocol, metabolites, and glycogen. The average running duration at 21 m/min for the exercise was 102.4 Ϯ 5.2 min for both Run and Runϩ groups. The Runϩ group exercised for an additional 45 min at 10 m/min. The glycogen depletion pattern indicated that each muscle was used during the prolonged, lowintensity protocol (Fig. 1) . Muscle glycogen was reduced (P Ͻ 0.05) between 33 and 66% in the Run group in the muscles examined. No differences were observed between muscles in the Run group for glycogen content. No recovery in glycogen content was observed in the Runϩ group.
Exercise had little effect in altering adenine nucleotides ( Table 1 ). The only difference observed was an increased ADP content in Run relative to Con (P Ͻ 0.05) in Sol. Exercise also had minimal effects on highenergy phosphates and metabolites, namely ATP, phosphocreatine, creatine, and lactate (Table 1) . Increases in creatine in Runϩ relative to Con (P Ͻ 0.05) were observed but only for EDL (P Ͻ 0.05). When averaged over all conditions, differences were observed for adenine nucleotides and for the high-energy phosphates and metabolites between muscles, typical to what our laboratory has previously published (14) . (Fig. 2) , decreased (P Ͻ 0.05) by ϳ12% from Con to Runϩ when averaged over all muscles (168 Ϯ 7 vs. 149 Ϯ 7 nmol⅐ mg protein Ϫ1 ⅐ h Ϫ1 , respectively). The decrease was not specific to muscle. No differences were observed between Con and Run and between Run and Runϩ for any muscle. No differences were found in nonspecific or background activity between Con, Run, and Runϩ for any muscle.
In an additional experiment designed to investigate the effect of the type of recovery on 3-O-MFPase activity, rats were allowed to recover for varying periods of time without exercise after Run. Using RV and WV as representative tissue, we could find no main effects between Con and Rec 10, Rec 25, or Rec 45 on 3-OMFPase activity ( Table 2) . As with the previous experiment, no differences were found in nonspecific activity between Con and Rec groups. In this experiment, the average run time for each group was similar to the initial experiment.
DISCUSSION
As hypothesized, we have found that the exercise protocol that we employed induced a reduction in Na ϩ -K ϩ -ATPase activity when measured in muscle homogenates in vitro. Although there is a strong indication for Na ϩ -K ϩ -ATPase activity to decrease in all muscles except the EDL at Run (P ϭ 0.12), an additional 45 min at reduced exercise intensity were needed to obtain a significant reduction. In addition, we have also found that with up to 45 min of resting recovery, Na ϩ -K ϩ -ATPase activity is not different from nonexercised con- Fig. 1 . Glycogen content in different locomotor muscles of rats. Values are means Ϯ SE of n ϭ 10 rats per group except extensor digitorum longus (EDL) where n ϭ 7. Con, nonexercise control; Run, running at 21 m/min and 8% grade for 2 h; Runϩ, Run protocol plus 45 min of walk recovery at 10 m/min; Sol, soleus; RV, red vastus; WV, white vastus. Glycogen depletion ranged between 33 and 66% from Sol to WV muscle. There was a main effect for group whereby recovery from Run was different from Con (P Ͻ 0.05). Values are means Ϯ SE in mmol/kg dry wt for n ϭ 10 rats for all muscles except extensor digitorum longus (EDL; n ϭ 7). Sol, soleus; RV, red vastus lateralis; WV, white vastus lateralis; TAN, total adenine nucleotides; IMP, inosine monophosphate; PCr, phosphocreatine; Cr, creatine; Pi, inorganic phosphate; Con, control; Run, treadmill run; Runϩ, run protocol plus 45 min of walk recovery at 10 m/min; nd, not detectable. Main effects (P Ͻ 0.05) for muscle type were found. -ATPase activity in response to a similar bout of exercise (18) . However, unlike Ca 2ϩ activity, where an overshoot was observed to occur during the additional exercise (18), our results for Na ϩ -K ϩ -ATPase activity indicate that further exercise depresses activity. The effect of the additional exercise on Na ϩ -K ϩ -ATPase activity did not depend on the muscle examined.
The basis of our hypothesis, namely that a reduction in Na ϩ -K ϩ -ATPase activity would occur with prolonged exercise, was based on previous reports of declines in SR Ca 2ϩ -ATPase that occurred in response to similar types of exercise (4, 8, 41 ). However, not all studies report a reduction in Ca 2ϩ -ATPase activity with exercise (11, 14, 18) . Although the reasons for the discrepancies remain unclear, differences in exercise protocols, muscles examined, assay procedures, and species appear important (20). Our study suggests that at least some of these factors may be important with Na ϩ -K ϩ -ATPase activity given the additional exercise that was needed to induce changes.
The diminishing Na ϩ -K ϩ -ATPase activity that we have observed with exercise is likely to represent structural modifications to the enzyme since our measurements were performed under optimal conditions in vitro. There are a number of cellular mechanisms that may explain the intrinsic changes to the enzyme and the specific effect on Na ϩ -K ϩ -ATPase activity. The most notable possibilities for acute inactivation may result from free radical damage (33), Ca 2ϩ -activated proteolysis (3), and heat denaturation (17) , all of which can increase with exercise (38). Free radical damage has been demonstrated to reduce Na ϩ -K ϩ -ATPase activity in cardiac tissue (32) in a time-and concentration-dependent manner after response to a reactive compound (31). Evidence from studies on mouse diaphragm indicates that excessive intercellular Ca 2ϩ can inhibit Na ϩ -pump activity (39). Prolonged exposure to heat stress has been demonstrated to alter a number of metabolic processes in skeletal muscles, including Ca 2ϩ -ATPase activity (17) . Further study is required to determine which of these potential mechanisms may predominate, as well as identifying the site on the enzyme that is altered.
One possible mechanism that was investigated as a cause of the diminished activity in this experiment was that of substrate depletion. Skeletal muscle Na ϩ -K ϩ -ATPase appears to preferentially utilize aerobic glycolysis for metabolism (29). Furthermore, James et al. (30) have reported that activity of the pump is dependent on glycogen as a substrate, and, therefore, glycogen depletion may induce fatigue. In the absence of regional differences, it is unlikely that the range of 33-65% in glycogen depletion that was observed had a significant effect on Na ϩ -K ϩ -ATPase activity in this experiment. However, recent evidence suggests that Na ϩ -K ϩ -ATPase activity is regulated through ankyrinspectrin links to the cytoskeleton (40), so it is possible that even subtle changes in glycogen may change the structural balance necessary for optimal enzymatic function. The analytical procedure for measuring 3-OMFPase activity involves four freeze-thaw cycles to permeabilize membranes for the optimal activation by K ϩ , so it is unlikely that altered membrane effects in vivo persist to alter activity beyond the "optimal" conditions in vitro. Moreover, by permeabilizing the membrane, we have also allowed measurement of the 3-OMFPase activity throughout the cell and not just Na ϩ -K ϩ -ATPase regionalized to the plasma membranes. This is the first study to identify that an acute reduction in skeletal muscle Na ϩ -K ϩ -ATPase can occur with exercise in rats. These effects were observed after the Run protocol. Based on the results of the Runϩ protocol, it would appear that the additional volume of exercise is a critical factor in inducing reductions in enzyme activity, at least under the conditions employed. One possible explanation for this might be that the mechanisms previously identified, in isolation or in combination, have a cumulative effect when exercise is continued, albeit at reduced intensity, in fatiguing muscles. The processing of free radicals to produce hydrogen peroxide, for example, may be what reduces skeletal muscle Na ϩ -K ϩ -ATPase in the same manner as is observed for cardiac Na ϩ -K ϩ -ATPase (31). Similarly, the effects of elevated Ca 2ϩ may have a delayed time course because the causes of damage with this process can be attributed to the Ca 2ϩ -activated mobilization of calpain (5) . Increased free Ca 2ϩ has been presumed to activate a number of degradative cascades (5) , and this effect may be related to the total amount of work done during an exercise bout (10) . Similarly, heat denaturation due to elevated muscle temperature may also be cumulative. Because no changes in Na ϩ -K ϩ -ATPase activity were observed when the Run protocol was followed by passive recovery, continued contractile activity would appear essential in promoting the inhibitory effects on the Na ϩ -K ϩ pump, regardless of the mechanism. This conclusion is based on the examination of two muscles, namely the WV and RV. It is possible that a different response could occur in Sol and EDL.
In the experiment, we have also examined whether a muscle-specific response in Na ϩ -K ϩ -ATPase activity occurred with exercise. As indicated by a planned comparison, the response of EDL muscle was significantly different from that of the other muscles. EDL muscle exhibits considerably faster fatigue than Sol (15) , and this is attributed, at least in terms of muscle excitability, to a greater number of Na ϩ -channels relative to Na ϩ -K ϩ pumps (24). This increased ion "leak" relative to ion "pump" capacity can result in a run down of ion gradients and result in fatigue (35). This fact may explain why EDL Na ϩ -K ϩ -ATPase activity was unaffected in the Run protocol compared with other muscles, possibly because of early fatigue and a lack of involvement in the treadmill running. Glycogen content measurements showed that EDL was similarly depleted to other muscles, so EDL was used either early or late in the Run protocol and/or was continued once the active recovery phase began. It is clear that additional exercise was needed for depressions in Na ϩ K ϩ -ATPase activity to occur in EDL in the Runϩ protocol.
A final noteworthy issue when results of this experiment are interpreted is whether Na ϩ -K ϩ -ATPase activity was measured in homogenates by using the 3-O-MFPase assay. K ϩ -dependent hydrolysis of the 3-O-methylfluorescein phosphate chromogenic substrate substitutes for the aspartylphosphate intermediate of ATPase (25) to represent the terminal step in ATP hydrolysis (26). These phosphatase assays relate to actual ATPase activity (25, 26) but yield results that are less than the activity assessed by direct methods, possibly because of a reduced affinity for the artificial substrates. Although a direct measurement of Na ϩ -K ϩ -ATPase activity using a measurement of inorganic phosphate accumulation or a regenerating assay involving NAD/NADH changes would have been more desirable, such measurements on whole muscle homogenates are problematic given the low relative Na ϩ -K ϩ -ATPase activity in the cell relative to other ATPases.
The observations from this experiment are consistent with previous findings (34) for cardiac muscle Na ϩ -K ϩ -ATPase and confirm a preliminary report that activity is reduced after repeated submaximal leg extension exercise to fatigue in skeletal muscle. These findings reintroduce the possibility that Na ϩ -K ϩ -ATPase may contribute to acute neuromuscular fatigue in skeletal muscle and highlight the role of the Na ϩ -K ϩ -ATPase as a key control site for regulating the electrical signal reaching the contractile apparatus. Confirmation of these findings and elucidation of the mechanisms for the reduced activity with exercise are avenues for future investigation.
In the present study, we have shown that prolonged exercise to fatigue results in a trend toward a reduction in Na ϩ -K ϩ -ATPase activity as measured by the 3-OMFPase reaction in all muscles examined except the EDL. Additional exercise of lower intensity was noted to associate with further reductions and to demonstrate significant change. Based on the findings of experiments using inactive recovery, it appears that the additional changes in 3-O-MFPase were due to exercise per se. It is unclear from the current work whether different forms of exercise could have resulted in more pronounced reductions in 3-O-MFPase and whether the changes are specific to muscles of different fiber-type composition. Yet to be determined, as well, is the physiological significance of the alterations in the 3-O-MFPase that were observed. Although it is tempting to speculate that a predisposition to failure in membrane excitation may result, this hypothesis needs to be investigated. In addition, the mechanisms associated with the reduction in 3-O-MFPase activity remain unknown. Future experiments should address the site on the enzyme (i.e, nucleotide binding, K ϩ -Na ϩ binding) that is subject to structural alterations and the intracellular stimulus responsible for inducing the change.
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